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Andrea De Montis , Belén Martín , Emilio Ortega , Antonio Ledda , Vittorio Serra 
a b s t r a c t
Maintaining ecosystem continuity has become a central element in spatial planning policies. Several 
authors acknowledge the environmental, also known as landscape, fragmentation due to human action 
as one of the main causes which have negative effects on biodiversity. The phenomenon consists of the 
transformation of larger patches of habitat in smaller ones, or fragments, which tend to be more isolated 
than in the original condition. It is extremely evident in urban areas, including settlements and various 
transport and mobility infrastructures, whose main ecological effects include loss of habitat, increased 
mortality of plants, and isolation of animal and vegetal species. In this paper, we assess landscape frag-
mentation dynamics of six landscape units belonging to two European regions, i.e. Sardinia in Italy (from 
2003 to 2008), and Andalusia in Spain (from 2005 to 2009). We developed on three indices: the Infras-
tructural Fragmentation Index (IFI), the Urban Fragmentation Index (UFI), and the Connectivity Index 
(CI). We found that coastal areas generally suffer from an higher pressure due to the demand of longer or 
faster transport infrastructures and new settlements and less fragmented areas tend to show the most 
relevant dynamics in a sort of convergent pattern. Even though landscape fragmentation and connectiv-
ity are intuitively complementary phenomena, in this paper we did not found any statistical evidence of 
this associative property.. Introduction
In the last decades, the expansion of human needs has caused
dramatically higher consumption of the planet’s resources with
remendous impacts on land use change and a considerable loss of
abitats and biodiversity (Foley et al., 2011; Foley et al., 2005). In
ddition to natural catastrophic events (Lindenmayer and Franklin,
002), landscape fragmentation (LF) is a relevant process, where
argehabitat areas -calledpatches- become smaller andmuchmore
solated (EEA, 2011; Jaeger, 2000). LF is related to an extensive
conversion of natural landscapes for human use” (Harrisson et al.,
012) and has negative effects on biodiversity (see, for example,
ibson et al., 2013). An important consequence of an increasein LF is a decrease in landscape connectivity (LC), i.e. an higher
impedance to movement for mainly animal species, depending
on the land cover pattern (Scolozzi and Geneletti, 2012). A rele-
vant part of landscape metrics and analytics includes tools able to
monitor LF and LC in space and time. The interpretation of these
evaluations is key to planning adequate strategies to reduce and
counteract landscape fragmentation. In spite of the relevance of
the theme, scientiﬁc literature still presents some gaps and should
be integratedwith studies tackling the interplaybetweenmeasures
able to assess LF and LC.
In this paper, we aim at developing on and applying three mea-
sures, i.e. the Infrastructural Fragmentation Index (IFI), the Urban
Fragmentation Index (UFI), and the Connectivity Index (CI) to the
assessment of the evolution of six landscape units (LUs) in Italy
and Spain. We will address our argument trying to answer to the
following research questions (RQs). Is it possible to assess land-
scape fragmentation and connectivity in space and time (RQ1)?
How are fragmentation and connectivity related (RQ2)? Is it pos-
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ible to detect similar landscape fragmentation and connectivity
rocesses in Mediterranean areas (RQ3)?
The issues of this paper will be presented as follows. In the
ext section, we present a state of the art summary on the stud-
es concerning LF and LC and their assessment. In section three, we
llustrate the evaluation method and the indicators included for
he assessment of LF and LC. In the fourth section, we apply the
ethod to the study of the dynamics of the landscapes of two sim-
lar Mediterranean countries. In the ﬁfth section, we present the
oncluding remarks of this work.
. Landscape fragmentation and connectivity: a state of the
rt summary
In some senses, LF and LC are complemental faces of a unique
henomenon affecting contemporary landscapes. We consider the
atural environment fragmentation, i.e. LF, as the dynamic trans-
ormation of larger patches into smaller ones, or fragments, where
he fragments tend to be more isolated than in the original condi-
ion (EEA, 2011; Jaeger, 2000). In this work, for patches we mean
ural and peri-urban landscape areas occupied by habitats. Natu-
al environment fragmentation is one of the main causes that has
dverse effects on biodiversity (Battisti, 2004; Henle et al., 2004;
ilcove et al., 1986), such as the decline of population due to
oss of functional connectivity (Harrisson et al., 2012) and rich-
ess of the species (Collinge, 1996). In addition, LF can exacerbate
he effects of climate change, by inducing a shrinking of habitats’
esilience, species population, and ecosystems’ variety (Kettunen
t al., 2007). LFderives fromdeforestation, agricultural landconver-
ion, and urbanization of natural areas, and it is extremely evident
n urban or intensively used areas, where it is due, for example, to
nfrastructure network (Igondova et al., 2016; EEA, 2011; Jongman,
004; Saunders et al., 1991) and urban development (Battisti and
omano, 2007; Jongman, 2004; Serrano et al., 2002). Maintaining
cosystemcontinuity is becoming a central element in spatial plan-
ing policies (Romano and Tamburini, 2001). At the international
evel, some policies −including the Convention on Biological Diver-
ity and the Ramsar Convention- have been developed in order to
aintain ecological coherence and connectivity (Kettunen et al.,
007). Finally, though “the Landscape Convention does not explic-
tly address ecological coherence and connectivity, it provides an
ntegrated framework that supports actions for such issues through
andscape planning and management” (Kettunen et al., 2007). In
his paper we study LC, in particular its functional component,
hich is understood as the degree to which the landscape facili-
ates or impedes movement (ecological ﬂux of populations) among
esource patches (Taylor et al., 1993).
As for the assessment methods adopted for measuring LF and
C, Butler et al. (2004) examine forest fragmentation in the Paciﬁc
orthwest (Oregon and Washington west of the crest of the Cas-
ade Range) through a forest fragmentation index combining three
etrics (percentage non-forest cover, percentage edge, and inter-
persion). Li et al. (2009) characterize forest spatial conﬁgurations
n Alabama, the USA, using a historical record of 163 Landsat The-
atic Mapper and select many indices (including core area index,
dge density, largest polygon index, and mean polygon area) for
ssessing forest fragmentation. Li et al. (2010) quantify forest frag-
entation patterns in China and the USA through a global land
over map and stress that Chinese forests show an higher frag-
entation than those in the USA. Roads and railways have some
mpacts on ecological networks (Smith, 2004) and the main eco-
ogical effects produced by an infrastructure network include loss
f habitat and biota, increased mortality of plants, death of ani-
als killed by vehicular trafﬁc and habitat fragmentation, which in
urn triggers habitat loss (Jaarsma, 2004; Smith, 2004; Spellerberg,1998 Smith, 2004; Spellerberg, 1998). Also the rural road net-
work leads to LF, which depends on characteristics of the roads
(Jaarsma and Willems, 2002). LF caused by roads and railways can
be assessed using indices, such as the IFI, which is encountering
the interest of some scholars (Bruschi et al., 2015; Fabietti et al.,
2011; Guccione et al., 2008; Melis and Puddu, 2008; Battisti and
Romano, 2007; Zanon et al., 2007; La Rovere et al., 2006; Biondi
et al., 2003; Romano, 2002; Romano and Tamburini, 2001). With a
closer attention for connectivity, landscape is commonly studiedby
means of indicators measuring different characteristics of a land-
scape’s composition or spatial conﬁguration (McGarigal andMarks,
1995; Forman et al., 2003). Changes in the spatial conﬁguration of
land uses and the presence of a new linear transport infrastructure
have a major impact on the ﬂows of matter and energy occurring
in the ecosystems, and on the natural movement of individuals
and on population dynamics (Trocmé et al., 2003), i.e., in LC. To
study its effect on the environment, indicators are frequently used
tomeasure the permissiveness of the territory to thesemovements
(Scolozzi and Geneletti, 2012), although they have a certain degree
of subjectivity due to the resistance values assigned. In recent years
a number of researchers have developed LC indicators tomodel this
process (Marulli and Mallarach, 2005; Saura and Pascual-Hortal,
2007; Mancebo Quintana et al., 2010; Gurrutxaga et al., 2011). In
Table 1
3. Methods
The section is divided in two sub-sections. Theﬁrst one concerns
the indicatorsused for theassessmentof LFandLC,while thesecond
a tool able to inspect the level of correlation between those indices.
3.1. Indicators of LF and LC
As for LF, we focus on fragmentation caused by mobility infras-
tructures and human settlements. Bruschi et al. (2015), Biondi
et al. (2003), Romano (2002), and Romano and Tamburini (2001)
selected the Infrastructural Fragmentation Index (IFI), which obeys
to the following equation
IFI∗ =
(
i=n∑
i=1
Li · Oi
)
· N · P
A
(1)
where (*) stands for the reference year, Li for the length in meters
of the road or railway trait with the exclusion of discontinuities
(viaducts, bridges, tunnels), Oi for the (dimensionless) occlusion
coefﬁcient, A for the extension in squared meters of the landscape
unit (LU) area; P for the perimeter in meters of the LU, and N for
the number of patches. We consider patches larger than 0.20ha to
eliminate the distortion due to ﬁctitious parts (Bruschi et al., 2015;
Lega, 2004).Oi varies according to thedifﬁculty that the faunahas in
crossing the transportation infrastructure (Bruschi et al., 2015): it is
equal to 0.30 for municipal and local roads, to 0.50 for national and
provincial roads, and to 1.00 for national four (or more) lane roads
and railway. IFI is calculated at the scale of LU and increases with
the extension of the surface area; thus it is ideal when comparing
LUs with approximately the same extension (Bruschi et al., 2015;
Romano and Tamburini, 2001). In this paper, we calculate IFI* tak-
ing into account infrastructure discontinuities: Fig. 1 explains how
we group the patches connected through bridges, tunnels or other
similar links. Roads and railways layers have been imported in GIS
environment as shapeﬁle in polyline format and measured exclud-
ing discontinuity traits, namely tunnels and bridges. These spatial
elements have been merged with LU’s boundaries and converted
into elements in polygon format. This has allowed us to obtain the
landscape patches. The required value of occlusion coefﬁcient has
85
Table 1
Comparative scheme of LF and LC indicators.
Indicators Description Formula Variables Pros Cons
Infrastructural
Fragmentation Index
(IFI) (Bruschi et al.,
2015; La Rovere
et al., 2006; Romano
and Tamburini,
2001)
It is useful for
measuring landscape
fragmentation caused
by transport and
mobility
infrastructures.
IFI =
(
i=n∑
i=1
Li ·Oi
)
·N·Pt
At
Li: length of the i-th road or
railway infrastructure;
Oi: dimensionless occlusion
coefﬁcient of the i-th
infrastructure;
N: number of patches in which
the territorial unit is
fragmented by the
infrastructures;
Pt: territorial unit perimeter;
At: territorial unit area.
Type of infrastructure.
Length of road and railway
traits.
Extension and perimeter of
territorial unit.
Number of patches.
Occlusion coefﬁcient.
It is adopted and veriﬁed in
other scientiﬁc studies.
It provides a quantitative
measure of landscape
fragmentation.
It can be used in comparative
approaches.
Finer measure requires the use
of data on trafﬁc density by
hour, day, month, and season.
IFI increases with the
extension of the LU surface
area, so should be calculated
for areas of approximately the
same extension.
Infrastructural
Fragmentation Index
(IFI) (La Rovere et al.,
2006)
IFI =
(∑
(Li ·Oi )
)
St
Li: length of the i-th road or
railway infrastructure;
Oi: occlusion coefﬁcient of the
i-th infrastructure;
At: territorial unit area.
Type of infrastructure.
Length of road and railway
traits.
Extension of territorial unit.
Occlusion coefﬁcient.
Linear Infrastructural
Fragmentation Index
(Neri et al., 2010)
IFI = ((Li ·Oi ))St
Li: length of the i-th road or
railway infrastructure;
li: width of the i-th road or
railway infrastructure;
Au: territorial area referred to a
cell of 1 km2.
Type of infrastructure.
Length and width of road and
railway traits.
It does not increase with the
extension of the LU surface
area.
It allows to ﬁnd the best
allocation for new projects of
road infrastructures.
It is adopted and veriﬁed in
other scientiﬁc studies.
It provides a quantitative
measure of landscape
fragmentation.
It can be used in comparative
approaches.
Finer measure requires the use
of data on trafﬁc density by
hour, day, month, and season.
UFI (Battisti et al.,
2013; Romano and
Zullo, 2013; Battisti
and Romano, 2007)
It provides a quantitative
measure of landscape
fragmentation caused by
settlements.
UFI =
i=n∑
i=1
Si
A ·
i=n∑
i=1
pi
2
√√√√ i=n∑
i=1
Si
Si: extension of the i-th urban
area;
pi: perimeter of the i-th urban
area.
Extension and perimeter of
settlements.
Extension of LU.
It provides a quantitative
measure of landscape
fragmentation.
It is adopted and veriﬁed in
other scientiﬁc studies.
It can be used in comparative
approaches.
It does not take into account
the obstruction, which varies
depending on settlements’
typology.
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Table 1 (Continued)
Indicators Description Formula Variables Pros Cons
UFI (Astiaso Garcia
et al., 2013)
UFI =
(
i=n∑
i=1
Lmaxi ·Si ·Oi
)
At
Lmax i: maximum length of the
i-th urban barrier inside the
territorial unit;
Si: area of the i-th urban
barrier;
Oi: obstruction coefﬁcient of
the i-th urban barrier;
At: territorial unit area.
Extension of settlements.
Length of urban barrier.
Obstruction coefﬁcient.
Extension of LU.
It provides a quantitative
measure of landscape
fragmentation.
It is adopted and veriﬁed in
other scientiﬁc studies.
It can be used in comparative
approaches.
It takes into account the
obstruction which varies
depending on settlements’
typology.
Uﬁm (Neri et al., 2010) Ufim =
1−
(∑
Api∑
Aci
)
N ·
∑
Api
Asp
Api: extension of the i-th urban
area;
Aci: extension of the ideal
circumference;
Asp: territorial unit area
(1 km2);
N: number of patches in which
the territorial unit is
fragmented.
Extension of settlements.
Extension of the ideal
circumference.
Number of patches.
It does not increase with the
extension of the LU surface
area.
It is adopted and veriﬁed in
other scientiﬁc studies.
It can be used in comparative
approaches.
Connectivity Index
(Mancebo Quintana
et al., 2010)
It estimates the connectivity
between all the patches taking
into account the spatial
conﬁguration of artiﬁcial and
natural land uses, and
infrastructure barriers, in large
territories.
CI∗
i
=
n∑
j=1
Aj
dei,j
2demax
dei,j: effective distance;
Aj: area of each destination;
2demax: the maximum
possible value of the
numerator.
Type of barrier.
Effective distance.
Available area.
Distribution of land uses.
Habitat type.
It can be used for comparing
different geographical areas or
different time periods in the
same area. It is useful to
compare different alternatives
when assessing the impacts of
regional and urban plans.
It is not sensitive to the
disappearance of single
stepping-stone patches.
Ecological Connectivity
Index
(Marulli and
Mallarach, 2005)
It diagnoses the connectivity of
terrestrial landscape
ecosystems, on the basis of a
previously deﬁned set of
ecological functional areas, and
a computational cost-distance
model which includes the
barrier effect.
ECI = 10 − 9 ln(1+(xi−xmin))
ln(1+(xmax−xmin))
3
xi: adapted cost-distance value
in a pixel;
xmax, xmin: maximum and
minimum adapted
cost-distance values on a given
area.
Type of barrier.
Effective distance.
Adjacent land use.
Vegetation type.
It is useful to compare different
alternatives when assessing
the impacts of regional and
urban plans.
In cannot be used for
comparing different
geographical areas or different
time periods in the same area.
It is not sensitive to the
disappearance of single
stepping-stone patches.
Probability of
Connectivity
(Saura and
Pascual-Hortal,
2007; Gurrutxaga
et al., 2011)
It measures connectivity based
on the habitat availability
concept, dispersal probabilities
between habitat patches and
graph structures.
PC =
n
i=1
n
j=1aiajp
∗
ij
A2
L
ai and aj: areas of the habitat
patches i and j;
AL: the total landscape area;
p*ij: maximum product
probability of all possible paths
between patches i and j.
Available area.
Dispersal probabilities.
Graph structures.
It can be used for comparing
different geographical areas or
different time periods in the
same area.
Is it able to detect the higher
importance of key
stepping-stone patches. It is
useful to compare different
alternatives when assessing
the impacts of regional and
urban plans.
It cannot measure connectivity
in an individual patch. The
entire landscape is quantiﬁed.
It does not distinguish the type
of barrier.
Fig. 1. Incorporating transport infrastructure discontinuities in the identiﬁcation
of fragments. (1) Initial scenario with three landscape fragments (A, B, C) limited
by the road and railway network (in gray) showing discontinuities such as bridges
and tunnels (in red); (2) identiﬁcation of discontinuities as opportunity of connec-
tion between the fragments; (3) ﬁnal scenario with a single fragment (D) obtained
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ihrough the coalition of the three original fragments. (For interpretation of the ref-
rences to colour in this ﬁgure legend, the reader is referred to the web version of
his article.)
een attributed to each transport infrastructure’s type. This has
nabled us to a straightforward management of the calculations
onnected to IFI*’s equation.
Urbanization induces effects on ecological networks (De Montis
t al., 2016) and causes fragmentation processes and soil consump-
ion, which produce qualitative and quantitative effects on habitat,
ora, and fauna (Astiaso Garcia et al., 2013). LF due to urban areas
an be assessed through theUFI* (AstiasoGarcia et al., 2013; Battisti
nd Romano, 2007; Biondi et al., 2003). According to Romano and
ullo (2013) and Battisti and Romano (2007), the UFI obeys to the
ollowing equation
FI∗ =
i=n∑
i=1
Si
A
·
i=n∑
i=1
pi
2
√√√√ i=n∑
i=1
Si
(2)
hereSi stands for theextension in squaredmetersof the i-thurban
rea, pi for the perimeter in meters of the i-th urban area. The ﬁrst
erm of Eq. (2) quantiﬁes the incidence of urbanized areas on the
U surface; the second term is the ratio between the perimeter
f the urban area and the circumference of the equivalent circle
Romano and Zullo, 2013). UFI* is again calculated at the scale of LU
nd ranges between zero (for absence of urban areas) and the value
f the second term of Eq. (2) (Battisti et al., 2013). We perform cal-
ulations connected to UFI*’s equation by taking into account the
ollowing land-use classes: continuous urban fabric, discontinu-
us urban fabric, and industrial or commercial areas. We processed
nformation inaGISenvironmentwith the followingmain routines:
nion of land-use classes in a single layer, dissolution of this layer
o delete the internal perimeter of the original urban areas, and
xportation of the attribute table to an excel format spreadsheet.
In the next section, we illustrate the application of the two
ndices to the measurement of LF change from 2003 to 2008 for87
three LUs in Sardinia, Italy, and from 2005 to 2009 for three LUs in
Spain.
We are interested in the dynamics of landscape form the year s
to k, thus to the variation of IFI* and UFI* according to the following
equations:
IFI∗k−s (%) =
IFI
k
− IFIs
IFIs
· 100 (3)
UFI∗k−s (%) =
UFI
k
− UFIs
UFIs
· 100 (4)
The LC is analysed using the connectivity indicator CIi* (Mancebo
Quintana et al., 2010). Its calculation is based in GIS and it has been
demonstrated to be useful in landscape and infrastructure planning
in several studies (Mancebo Quintana et al., 2010; Martín et al.,
2016; Ortega et al., 2016).
It assigns a value for the scenario* to each pixel i in the study
zone, andmeasures the area corresponding to the same type of nat-
ural habitat as that of the cell in question, divided by the effective
distance between the pixel and the analogous habitat. The calcu-
lation is done in an area of inﬂuence of each pixel, and the value
obtained is divided by the maximum value that could be achieved,
so the range of values for CI is between 0 (minimum connectivity)
and 1 (maximum connectivity). The following equation holds:
CI∗i =
n∑
j=1
Aj
dei,j
2demax
(5)
where CIi* is the value of the connectivity index for starting pixel
i in the scenario corresponding to the year *; dei,j is the effective
distance between starting point i and destination j; Aj is the area of
each one of the n destinations j that belong to the same class of nat-
ural area as starting point i and 2de max is the maximum possible
value of the numerator. CIi*is a function of the effective distance.
This is the minimum distance between two points separated by a
resistance matrix that models the difﬁculty encountered by organ-
isms in moving around the territory. The distance between two
points that belong to the same type of natural habitat is penalised
if there are patches between them in the matrix that can be con-
sidered as obstacles (such as infrastructure, artiﬁcial or natural
areas that correspond to a different type or category). The effec-
tive difference is calculated using Dijkstra’s algorithm (1959), and
the resistance matrix is obtained using the values established by
Mancebo Quintana et al. (2010). Changes in the spatial conﬁgura-
tion of land uses and new infrastructure barriers are reﬂected in
the values of CI. The GIS steps used to perform the indicator were
programmed in Arc Macro Language for ArcInfo workstation. They
are summarized as follows (for a more detailed description, see
Mancebo Quintana et al. (2010)): (i) ﬁrst, the origins and destina-
tions are established using reclass functions. The origins are the
pixels considered as natural areas in the study zone and classiﬁed
into categories with common characteristics. The destinations are,
for each origin, the pixels belonging to the same type according to
the categories established. This information must be compiled on
a layer in raster format with a cell size adequate for the scale of the
work. (ii) In a second step, maps or resistance matrixes are created
for each type of natural land use. Each cell in the resistance map is
attributed a value that is a simpliﬁcation of the opposition offered
by the territory to the movement of the organisms between pixels
corresponding to the same type as the origin pixel. These values are
assigned taking into account the type of natural habitat, the types of
linear infrastructures present in the study zone, and the existence
of artiﬁcial land uses (industrial and urban areas). (iii) Finally, the
indicator is calculated using ArcInfo costdistance function for each
pixel i in the territory using Eq. (5). This process is repeated in each
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f the scenarios considered in the case study, making it possible to
easure the variation in LC between scenarios (at the years k and
) as a percentage with regard to the initial situation according to
he following equation:
CI∗i,k−s (%) =
CIk
i
− CIs
i
CIs
i
· 100 (6)
The information, in a format compatible with GIS, required to
alculate this indicator is−for each year– a network of linear infras-
ructures in the study zone that distinguishes between thedifferent
ypologies, and a layer that distinguishes the different types of
atural and artiﬁcial zones: in our case study, we used land-use
aps.
.2. Analysis of the relationship between indicators
To study the relationshipsbetweenmeasures, three (2by2) con-
ingency tables where constructed, as many as the couples of the
hree indexes (IFI∗, UFI∗ and CI∗), and the Fischer’s exact test was
erformed. In particular, we considered the average yearly varia-
ion (AYV) of each index, in order to prevent the bias related to
he different time periods. Connectivity index values have been
veraged over the different land-uses selected.
The average yearly variationwas considered low,when its value
s smaller than the mean value of the yearly variations in the LU.
igh variation was considered in the rest of the cases. Signiﬁcant
elationships were sought by using the Fisher’s exact test, which
s adequate when expected frequencies are less than or equal to 5
the null hypothesis reﬂects independence between variations per
ear of the indicators; =0.05).
. A case study in Sardinia (Italy) and Andalusia (Spain)
This section is divided into four sub-sections concerning the
election of the LUs and the dataset processed, the presentation
f the results, the analysis of the association between the indi-
ators calculated, and the discussion of the output with possible
nterpretations.
.1. LUs selection and datasets
We selected six LUs belonging to the two regions of Sardinia,
taly and Andalusia, Spain, that have a Mediterranean landscape
haracter. As described in Table 2 and Fig. 2, the Italian LUs are
eﬁned in theRegional LandscapePlan (RLP)of Sardinia (RAS, 2006)
nd the Spanish ones by the Regional Government of Andalusia
Junta deAndalucía, 2003). The threeAndalusian LUs are aMediter-
anean mountain range (Sierra Bermeja); a coastal area (Litoral
ccidental Onubense) and a landscape constituted mainly by olive
roves (Las Lomas). The Sardinian LUs consist of a coastal area
Golfo dell’Asinara) interested by relevant residential and produc-
ive industrial and agricultural settlements, and two much less
eveloped interior zones characterizedby themost relevantmoun-
ains of the island (Gennargentu and Mandrolisai) and upland
asaltic plains (Regione delle giare basaltiche).
LUs’ selection criteria are crucial with respect to RQ3, i.e. the
nvestigation of cognate landscape processes, as they are based on
wo main similarities. The ﬁrst one attains to the common location
n the same macro-geographical area at the borders of southern
urope. The second one consists in analogue institutional and pro-
essual settings.As for the ﬁrst similarity, the Mediterranean basin ranks among
he richest areas on earth in terms of biodiversity (Blondel et al.,
010). Having been occupied by humans for around eight thousand
ears, its landscapes have co-evolved with traditional land usesfor centuries. It is a densely populated area and it is also visited
by millions of tourists every year, which makes it a biodiversity
hotspot under threat (Cuttelod et al., 2008).
As for the second one, Italy and Spain show similar institutional
settings, as they are regionalized unitary states, where the com-
petence over landscape planning and management is devolved to
the regions. In these southern European nations, the ELC has been
signed, ratiﬁed, and operationalized with a strong commitment
by local peripheral bodies (De Montis, 2014). In 2004, Italy has
approved the legislative decree (Lgs. D.) n. 42 (Italian regulation,
2004), which translates the principles of the ELC into the local
juridical system.At themoment, roughly ahalf of the Italian regions
have approved a landscapeplan complyingwith the Lgs. D. 42/2004
(De Montis, 2016). Sardinia is the second largest Mediterranean
island and was the ﬁrst Italian region to issue the RLP (RAS, 2006),
in accordance to the Lgs. D. 42/2004. The RLP is actually in force
on twenty-seven LUs located in the coastal buffer and promotes
the protection and valorisation of local landscapes. The design of
LUs is based on the combination of three aspects: environment,
history and culture, and settlements. Each LU is described in spe-
ciﬁc fact-sheets, where the analysis of the three aspects leads to
the formulation of planning directions. The RLP is key to the entire
planning systems as municipal master plans are being redesigned
in accordance.
Andalusia, located in the south of Spain, has a long tradition
in landscape planning. The region was one of the leaders of the
Mediterranean landscape Charter of 1992 which constituted one of
the main background of the European landscape convention (ELC)
(Council of Europe, 2000). The ELC came into force in 2008 in Spain.
Since then, the Regional Government expressly includes the land-
scape in the legal system, in accordance with the ELC. The Land
Use Plan of Andalusia (Junta de Andalucía, 2006) includes a coor-
dinated Landscape Programme, whose main goal is the integration
of impact analyses in the deﬁnition of all policies affecting directly
or indirectly the landscape. The Landscape Map of Andalusia was
developed according to three levels: ﬁve landscape categories,
nineteen landscape areas, and eighty-one LUs. LUs correspond to
regional landscape identities, deﬁned on the basis of observation
criteria −i.e. homogeneity of colors, textures, and structures- and
physical-cultural, socio-cultural, and land-use variables.
We based the calculations for obtaining the three indices on
processing the following data sets. With respect to Sardinia, the
regional land cover map (RLCM) corresponding to the years 2003
and 2008 provided information on transportation infrastructures
and urban areas. The reference scale of the RLCM is 1:25,000, while
theminimummapped unit spans 0.50hawithin the urban area and
0.75ha in the extra urban areas (RAS, 2016a). The regional admin-
istration has checked and integrated this information through
photo interpretation of Ikonos images issued in 2005–2006, Land-
sat images issued in 2003, and Aster images issued in 2004, and a
4000 point survey on the Regional Technical Map 1:10,000. We
mainly use data available on-line in the ofﬁcial website of the
Autonomous Region of Sardinia (RAS, 2016b) in shapeﬁle format
and based on Corine Land Cover classiﬁcation concerning: LUs,
road and railway network (including bridges, viaducts, and tun-
nels), urban settlements or other populated areas, industrial and
commercial areas. Orthophotos are available on-line through the
Web Map Service of the Region. As for Andalusia, land uses were
obtained from the Spanish Land Occupation Information System
(SIOSE) at a scale of 1:10,000 provided by the Regional Govern-
ment of Andalusia for the years 2005 and 2009 (Junta de Andalucia,
2016). SIOSE uses the same reference image as Corine Land Cover,
which makes both databases compatible. Road and rail infrastruc-
turedatawereobtained fromthebureauof spatial dataofAndalucia
for thementioned years (IDEA, 2016). The study areas consist in the
domains within the borders of the six LUs. But we have calculated
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Table 2
The landscape units selected in this study.
State Region Code Local linguistic denomination Area (km2) Perimeter (km)
Italy Sardinia IS1 Golfo dell’Asinara 807 383
IS2 Gennargentu and Mandrolisai 1010 233
IS3 Regione delle giare basaltiche 926 215
Spain Andalusia SA1 Las Lomas 1027 339
SA2 Litoral Occidental Onubense 864 352
SA3 Sierra Bermeja 1191 389
Fig. 2. The cases selected for this study: (1) European geographical context. In gray ﬁll
location of each LU in Andalusia (A) and Sardinia (B).
Table 3
Sardinian LUs: IFIand UFI dynamics from 2003 to 2008.
LUs IFI UFI
2003 2008  2003 2008 
Golfo dell’Asinara 19655 21408 8.92% 1.06 1.32 24.52%
Regione delle giare basaltiche 8356 8439 1.00% 0.26 0.28 7.69%
Gennargentu and Mandrolisai 186 232 24.63% 0.07 0.07 –
Table 4
Andalusian LUs. IFI and UFI dynamics from 2005 to 2009.
LUs IFI UFI
2005 2009  2005 2009 
Las Lomas 7419 7760 4.59% 0.34 0.37 8.82%
t
t
4
U
s
M
h
lLitoral Occidental Onubense 27354 29839 9.09% 0.91 0.91 –
Sierra Bermeja 17797 18819 5.74% 0.91 1.05 8.82%
he CI including a buffer of 50km, to avoid distortions connected
o border errors (Mancebo Quintana et al., 2010).
.2. Results
In Tables 3 and 4, we present the values obtained for IFI∗ and
FI∗ for Sardinian and Andalusian LUs. Litoral Occidental Onubense
*hows always the highest absolute value of IFI and Gennargentu-
androlisai the least one. Gennargentu-Mandrolisai shows the
ighest IFI∗ (24.63%), while the Regione delle giare basaltiche the
east (1.00%). Golfo dell’Asinara shows always the highest absolutepattern, the regions of Andalusia (Spain) and Sardinia (Italy); (2) in gray, spatial
value of UFI (1.06 in 2003 and 1.32 in 2008), while Gennargentu-
Mandrolisai the least one (0.07). In addition, Golfo dell’Asinara
shows the highest UFI * (24.52%). Litoral Occidental Onubense
is the most fragmented since it shows always the highest values
of IFI and UFI* in Spanish LUs. As for the dynamics, UFI * is neg-
ligible for Litoral Occidental Onubense and equal to 8.82% for both
the other Spanish LUs. As for LC, Tables 5 and 6 provide the reader
with the values of average and differential CI*, while Figs. 3 and 4
convey spatial representations by main natural land uses. Fig. 3
shows LC changes in the Sardinian LUs. Golfo dell’Asinara (Fig. 3,
top) presents loss of LC distributed in its whole area, reaching
higher values (>20%) in the most populated zones. Nevertheless,
Table 5 shows that the LC loss of average CI* occurs in the land use
shrub and/or herbaceous vegetation association (CI* =−4.33%),
whilst in forests and open spaces with little or no vegetation,
the CI average value increases (CI* = 32.34% and CI* = 1.12%).
The geographic distribution of LC losses in Giare Basaltiche and
Genargentu-Mandrolisai are in Fig. 3 (medium and bottom). It is
to highlight the big number of pixels where there is a LC gain.
Changes in the conﬁguration of landscape matrix between 2003
and 2008 cause these CI* improvements despite the barrier effect
of new infrastructure and artiﬁcial zones. If average values of CI* in
the main natural land uses are compared (Table 5), forests lose LC
in both LUs (-4.60% and −2.41%) and there is a big gain of average
CI* in open spaces with little or no vegetation in Gennargentu-
Mandrolisai (41.21%).
Pixels with gain of LC between the scenarios are not as frequent
in Spanish LUs as they are in Sardinia (Figs. 3 and4). Thehighest loss
of LC is located in red zones in Sierra Bermeja and Litoral Occidental
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Table 5
Sardinian LUs. Analysis of Average CI changes per main natural land uses from 2003 to 2008.
LUs Avg CI Area (ha)
2003 2008 AvgCI 2003 2008 Area
Golfo dell’Asinara Land uses
Forests 0.0200 0.0265 32.34% 3650 5500 50.7%
Shrub and/or herbaceous vegetation association 0.0264 0.0253 −4.33% 18725 15425 −17.6%
Open spaces with little or no vegetation 0.0202 0.0205 1.12% 2625 2475 −5.7%
Regione delle giare basaltiche Land uses
Forests 0.0451 0.0431 −4.60% 8884 9150 3.0%
Shrub and/or herbaceous vegetation association 0.0341 0.0336 −1.37% 16994 16981 −0.1%
Open spaces with little or no vegetation 0.0403 0.0329 −18.45% 74 47 −36.5%
Gennargentu and Mandrolisai Land uses
Forests 0.1056 0.1030 −2.41% 41712 41674 −0.1%
Shrub and/or herbaceous vegetation association 0.0587 0.0614 4.57% 39931 44447 11.3%
Open spaces with little or no vegetation 0.0416 0.0588 41.21% 5131 1411 −72.5%
Table 6
Andalusian LUs. Analysis of Average CI changes per main natural land uses from 2005 to 2009.
LUs Avg CI Area (ha)
2005 2009 AvgCI 2005 2009 Area
Las Lomas Land uses
Forests 0.0090 0.0089 −1.16% 75 75 0.0%
Shrub and/or herbaceous vegetation association 0.0148 0.0145 −2.07% 559 553 −1.1%
Open spaces with little or no vegetation 0.0152 0.0148 −2.74% 538 518 −3.7%
Litoral Occidental Onubense Land uses
Forests 0.0368 0.0343 −6.62% 12699 12583 −0.9%
Shrub and/or herbaceous vegetation association 0.0215 0.0202 −6.06% 14738 13854 −6.0%
Open spaces with little or no vegetation 0.0139 0.0130 −6.66% 3626 3424 −5.6%
Sierra Bermeja Land uses
Forests 0.0445 0.0398 2.24% 23252 23109 −0.6%
Shrub and/or herbaceous vegetation association 0.0270 0.0253 −0.08% 66154 65663 −0.7%
Open spaces with little or no vegetation 0.0218 0.0202 3.03% 4400 4388 −0.3%
Table 7
Average yearly variations of IFI, UFI, and CI for each LU selected.
LU AYV IFI AYV UFI AYV CI
Golfo dell’Asinara 1.78% Low 4.91% High −1.99% Low
Regione delle giare basaltiche 0.20% Low 1.54% Low 1.62% High
Gennargentu and Mandrolisai 4.95% High 0.00% Low −2.90% Low
Las Lomas 1.15% Low 2.21% High 0.48% High
O
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tLitoral Occidental Onubense 2.27% High
Sierra Bermeja 1.44% Low
Mean 1.96%
nubense, and it is concentrated where new linear infrastructures
re constructed (red zones in Fig. 4 top and middle, Fig. 5 illustrates
detail in Litoral Occidental Onubense, where new infrastructures
ause a high loss of LC). Table 6 shows a moderate gain in average
I in forests and open spaces in LU Sierra Bermeja (CI* = 2.24% and
CI* = 3.03%. The LU Las Lomas has the lowest LC values (0.0090,
.0148 and 0.0152). The reason is that it is mainly an agricul-
ural area with scattered natural landuses. However, the loss of LC
etween 2005 and 2009 has not been very pronounced in this LU.
.3. Relationship between fragmentation and connectivity
As for the study of the relation between the LF and LC indices,we
pplied the method introduced in section 3.2. In Table 7, we report
he AYV values of IFI*, UFI*, and CI*. The pattern of qualitative values
eﬂects what reported in section 4.2.In Table 8, we report on the contingency tables and in Table 9
e present the results of the Fisher’s exact test.
As the entire set of p-values (greater than 0.05) demonstrates,
he Fisher’s exact test reveals independency between the variables.0.00% Low 1.61% High
3.85% High 2.02% High
2.08% 0,14%
We precise that this result does not necessarily imply that LF and
CI indices are never associated. Our results testify that there is not
dependence between the indicators’ values calculated on the set of
the LUs considered in this speciﬁc study.
4.4. Discussion
In this paper we have demonstrated the effectiveness of IFI* and
UFI* in assessing the dynamics of LF caused by transport andmobil-
ity infrastructures and human settlements in two regions of Italy
and Spain (as required by RQ1 and RQ3). The shortcomings of the IFI
variability with respect to the extension of the LUs has been over-
come by selecting LUs having approximately the same surface area
(Bruschi et al., 2015; La Rovere et al., 2006; Romano and Tamburini,
2001). In the timeperiods considered, Golfo dell’Asinara and Litoral
Occidental Onubense are the most fragmented LUs because of
transport infrastructures. Golfo dell’Asinara shows the highest val-
ues for IFI and UFI in Sardinia. These are due to a high density
of transport infrastructures, including railways, and urban settle-
ments. The LU hosts an industrial development area of regional
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existing in 2003. The Spanish LUs of Las Lomas and Sierra BermejaFig. 3. Sardinian LUs. Analysis of CI changes in the time period 2003–2008.nterest in the coastal town of Porto Torres, which is also a very
mportant harbour connecting Sardinia to Europe. Two centers,
tintino and Alghero, are attractive tourist destinations. In partic-
Fig. 5. Detail of the LU Litoral Occidental Onubense, whFig. 4. LUs Las Lomas and Litoral Occidental Onubense. Analysis of CI changes from
2005 to 2009 and location of new roads.
ular, Alghero is an international touristic site connected with an
airportwhichhas been in the last decade thebase of a lowcost com-
pany. Although the LU Gennargentu-Mandrolisai has the lowest
levels of fragmentation, it shows the highest IFI increase. However,
the percentage change can be misleading and leads one to think
at high levels of fragmentation, while the 2008 value (24.63%) is
due to a single fragment in addition to the original four fragmentsshow a more regular UFI* variation than the LU Litoral Occidental
Onubense, where the UFI* has very high values and does not vary
from 2005 to 2009.
ere new infrastructures lead to a high loss of LC.
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Table 8
Contingency tables concerning the mutual variation of the three indices: on the top,
AYV of IFI vs AYV of UFI; in the centre, AYV of IFI vs AYV of CI; on the bottom, AYV
of UFI vs AYV of CI.
AYV of IFI vs AYV of UFI
Frequency
AYV UFI Total
high Low
AYV IFI high 0 2 2
Low 3 1 4
Total 3 3 6
AYV of IFI vs AYV of CI
Frequency
AYV CI Total
high Low
AYV IFI high 1 1 2
Low 3 1 4
Total 4 2 6
AYV of UFI vs AYV of CI
Frequency
AYV CI Total
high Low
AYV UFI high 2 1 3
Low 2 1 3
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Table 9
Fisher’s exact test of the association between AYV of IFI, UFI, and CI.
AYV UFI AYV CI
p-value of the Fisher test p-value of the Fisher test
AYV IFI 0.4 1Total 4 2 6
We have described the dynamics in LC of two Mediterranean
egions belonging to Italy and Spain in two time periods, as we set
ut in theRQ1 andRQ3.CI* hasdemonstrated tobeaneffectivemea-
ure of LC for our objectives, in comparison with other indicators in
he literature, which are valid measures of LC but cannot compare
ifferent landscapes or the same landscape in different time peri-
ds (Marulli andMallarach, 2005). In general, averageCI* changes in
ndalusian natural land uses are lower (absolute value) compared
o CI* changes in Sardinia. Forests in Golfo dell’Asinara and open
paces with little or no vegetation in Regione delle giare basaltiche
nd Gennargentu and Mandrolisai show the highest absolute dif-
erences. These changes in CI* are accompanied by high changes in
he area of the natural land uses. According to the land use maps of
ardinian LUs, the area of the natural land uses has suffered signif-
cant changes, nevertheless, in Andalusia natural areas have been
ore stable (Tables 6 and 7). Our results show that area decreases
re associatedwith average CI* decreases except in the case of open
paceswith little or no vegetation inGennargentu andMandrolisai,
nd forests and open spaces with little or no vegetation in Sierra
ermeja. In these cases, in spite of the loss of area, the new spatial
onﬁguration of pixelsmake the average CI* of the remaining pixels
ncrease due to the diminish of effective distances.
Regarding RQ2, we have also studied the relationship between
F and LC. We found that results of CI* complement LF indices but
edidnotarrive toanystatistical evidenceof a correlationbetween
hose indices. The Fischer’s exact test does not allow to conclude
hat any dependence can be detected. This is clearly due to the val-
es obtained with reference to the six LUs selected in this study
nd to the different scale of analysis. LF indices can be thought of
s macro indicators based on variables assessed at a strategic scale
ver a wide area. By contrast, CI* calculations are pixel based; they
how results taking into account the area and the spatial distribu-
ion of habitats, transport infrastructures and artiﬁcial land uses in
he landscape matrix.AYV UFI 1
5. Conclusions
With reference to RQ1, in this article we have demonstrated the
possibility to assess LF and LC due to urban and transport infras-
tructure expansion in space and time. In particular,wehave applied
a set of metrics to describe the dynamics of two Mediterranean
regions belonging to Italy and Spain. We have calculated the indi-
cators using spatial data and compared scenarios corresponding to
different years. As for RQ2, intuition suggests that some relation
may hold between fragmentation and connectivity measures: they
give complementary information about landscape evolution. IFI
and UFI make it possible to assess fragmentation in landscape units
while CI complements these metrics at the pixel level. Further-
more, IFI* and UFI* values change substantially, when landscapes
are affected by new artiﬁcial developments, while CI* takes also
into account the pattern and variations of natural land uses. On the
other hand, the application of the Fischer’s exact test reports on
the absence of any signiﬁcant association between the indices. This
does not mean that in general the indices are never correlated. But
inour case theaverageyearlyvariationof thevariables in the six LUs
does not present correlation. With respect to RQ3, the application
of the method to the case studies enabled to ﬁnd if the evolution
of LF has been similar in Mediterranean areas. For example, the
most fragmented LUs are Golfo dell’Asinara and Litoral Occiden-
tal Onubense. This is due to the coastal location of the areas, the
high touristic and sometimes industrial pressure, and a connected
demand of new transport infrastructures and settlements.Wehave
found that the evolution of CI* is different in the regions studied. LC
has been more stable in the Andalusian LUs than in the Sardinian
ones in the time periods considered. This may be due to a different
pace of political and operative drivers, which affect the intensity of
land use changes.
While we have generally succeeded in developing on the RQs,
this study still presents some limitations. First, we have considered
a relatively small sample of cases. The number of LUs (six) is actu-
ally limited and can be expanded both in the same and in different
Mediterranean or broadly European countries. In this way, a com-
parison of more countries would be possible. A higher number of
cases would also lead to a higher statistical signiﬁcance in the Fis-
cher’s exact test concerning the level of dependence between the
various variables. Secondly, our study approaches LF and LF with
an emphasis for analytical issues. By contrast, we are aware that
landscape fragmentation and connectivity are the result of strate-
gies and policies operationalized in historical and contemporary
times through plans and actions. In this respect, a study of the sen-
sitivity analysis is under way to clarify the economic and political
drivers/implications of the unitary variation of LF and LF indices. In
third place, LF and LC indicators selected still present some limi-
tations. IFI* scales differently depending on the surface area of the
LUs. This prevents the application of the measure to many LUs with
signiﬁcant differences in extension. Secondly, a ﬁner computation
of the index would require processing a much wider dataset on
trafﬁc ﬂows in space and time. Finally, in the formulation adopted
in this paper, IFI does not take into account the barrier effect a
transport and mobility infrastructure exerts on speciﬁc wildlife
species. We are tackling this issue in future works. On the other
side, UFI*’s formulation adopted in this paper does not take into
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Fccount the obstruction generated by different types of human set-
lement. Although CI* has been demonstrated to be a goodmeasure
f LC and a complement for LF measures, it also has shortcomings.
I* is unable to identify stepping stones, it assumes simpliﬁcations
n the landscape matrix, and considers only movements between
atural land uses of the same type. These shortcomings are solved
y other models using probability of paths (see Saura and Pascual-
ortal, 2007; Gurrutxaga et al., 2011 and Loro et al., 2015), but they
uantify LC in the entire landscape and do not take into account the
ypes of infrastructures.
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